] i during and after stimin the mutant mice, thereby favoring LTP. Behaviorally, the mutant mice exhibited enhanced performance in ulation in nerve terminals, resulting in faster initial rates of exocytosis of synaptic vesicles. Fast and prolonged several hippocampus-dependent learning and memory tasks. These results demonstrate that NCX2 can increase in [Ca 2ϩ ] i in postsynaptic neurons may result from a combination of increased neurotransmitter rebe a temporal regulator of Ca 2؉ homeostasis and as such is essential for the control of synaptic plasticity lease from presynaptic terminals and delayed Ca 2ϩ clearance in postsynaptic sites. Therefore, the delayed and cognition. Ca 2ϩ clearance may enforce synaptic activity both by pre-and postsynaptic mechanisms. Nevertheless, no Introduction studies have been reported that examined the role of NCX in the regulation of synaptic plasticity. The major cellular function of the Na ϩ /Ca 2ϩ exchanger (NCX) is to exchange electrogenically one Ca 2ϩ for three Although many studies have concentrated on Ca 2ϩ influx through membrane channels or Ca 2ϩ release from Na ϩ , depending on the electrochemical gradients across the plasma membrane. Normally the NCX serves internal Ca 2ϩ stores, the contributions of Ca 2ϩ clearance in the plasma membrane have often been overlooked as a Ca 2ϩ extrusion mechanism driven by the Na ϩ electrochemical gradient. However, it has also been shown in studies of synaptic plasticity. To address these issues, we generated a null mutation of the NCX2 gene, which that Ca 2ϩ influx through the NCX can occur under certain conditions (Hryshko and Philipson, 1997; Blaustein and is the major isoform in the brain. We analyzed the NCX2-deficient mice with respect to the regulation of [Ca 2ϩ ] i Lederer, 1999) . Despite the importance of Ca 2ϩ homeostasis, the physiological role of NCX in the brain is not in neurons, the status of synaptic activities, and their capacity for learning and memory. The results provide well understood.
Both NCX and the plasma membrane Ca targeted integration ( Figure 1B ). Western blot analysis ined the expression pattern of NCX2 in the brain by using the expression of the Cre recombinase from the demonstrated that NCX2 protein was not produced in the NCX2 mutant brain, thereby indicating that the gene targeted locus. In Northern blot analysis of total brain RNA, an approximately 1.67 kb transcript of Cre recomtargeting resulted in a null mutation for this locus (Figure 1C) . binase was detected ( Figure 2C ). The NCX2 mutant mice were then crossed with the CAG-CAT-Z reporter mice The NCX2 mutant mice exhibited normal growth and all major cytoarchitectonic divisions in the brain were (Sakai and Miyazaki, 1997). X-gal staining of the brain sections of these double transgenic mice (NCX2 ϩ/Ϫ -unchanged. Cresyl violet staining of the coronal brain sections revealed no gross abnormalities in the hippo-CAG-CAT-Z) revealed expression throughout brain regions, with intense staining evident in the hippocampus campus ( Figure 1D ).
(CA1, CA2, CA3, DG), cerebellum (granule, Purkinje), and cortex ( Figure 2D ). NCX2 Expression Is Restricted to CNS NCX2 was reported to be expressed only in brain and skeletal muscle (Li et al., 1994) , although the skeletal Reduced Total Plasma Membrane NCX Currents in the Mutant Neurons muscle expression of NCX2 is controversial (Nicoll et al., 1996) 
. We used RT-PCR to analyze tissue expression
To examine the functional loss of the NCX2 current (I NCX ), the forward exchange currents (Ca 2ϩ out/Na ϩ in) were of NCX2 and found no evidence of NCX2 expression in skeletal muscle (Figure 2A) . Furthermore, our extensive measured by means of whole-cell patch-clamp recording in the CA1 pyramidal neurons of hippocampal analysis demonstrated that the expression of NCX2 is restricted to CNS, brain, and spinal cord ( Figure 2B Figures 4A-4C , the input-output We next subjected the mice to the context-dependent 81.5% Ϯ 7.5% of baseline at 50 min, n ϭ 9) ( Figure 5D ), fear conditioning assay, which is also known to require indicating that the elevated level of Ca 2ϩ due to delayed the function of the hippocampus (Phillips and LeDoux, clearance can be responsible for the suppression of LTD 1992). The wild-type (n ϭ12) and mutant (n ϭ 12) mice generation in the NCX2 mutant.
fibers. As illustrated in
showed similar levels of freezing response immediately In summary, the mutant slices exhibited a strong tenafter the training ( Figure 7A ). Mice were returned to the dency for developing enhanced LTP. These results are same shock chamber 24 hr after the training for fear summarized as a plot of plasticity versus stimulation memory. Both the wild-type and mutant mice displayed frequency in Figure 5G Figure 7B ). On the other hand, no difference was observed between the wild-type (n ϭ 12) and mutant (n ϭ learning and memory. First, we subjected the mice to -dependent molecules related to synaptic weight will be differentially regulated dereversibly enhanced in various hippocampus-dependent learning tasks in mutant mice with a transiently pending on the strength of this signal: a "stronger" signal will activate a CaMKII-and PKA-dependent process reduced calcineurin activity obtained by the dominantnegative approach. Furthermore, mice expressing a leading to LTP, whereas a "weaker" signal will trigger LTD through activation of a phosphatase, calcineurinconstitutively active form of the PP1 inhibitor exhibited a reduced PP1 activity and showed improved perfor-PP1 cascade. NCX2 could thus act as a cellular switch to determine the direction of synaptic plasticity. In this mance in water maze and object recognition tasks (Genoux , ments were carried out using hippocampal slices of 250 m thickmice were placed in the fear-conditioning apparatus chamber for 2 ness prepared from 2-to 3-week-old mice. Cells were voltagemin, and then a 20 s acoustic conditioned stimulus (CS) was delivclamped at Ϫ40 mV using whole-cell electrodes (3-5 M⍀, series ered. During the last 2 s of the tone, a 0.5 mA shock of unconditioned resistance Ͻ20 M⍀). Pipettes were filled with solution containing 3 stimulus (US) was applied to the floor grid. This protocol was permM NaCl, 114 mM CsCl, 9 mM EGTA, 9 mM HEPES, 1.8 mM MgCl 2 , formed once. In order to assess contextual learning, the animals 4 mM MgATP, 0.3 mM Tris-GTP, 5.4 mM CaCl 2 , H 2 CaEGTA (added were placed back into the training context 24 hr after training and to obtain an estimated free Ca 2ϩ concentration of 100 nM at room observed for freezing for 5 min. In order to assess cued learning, temperature) with the pH adjusted to 7.4 with CsOH. Contaminating the animals were placed in a different context (novel chamber, odor, currents arising from the activation of the Na ϩ /K ϩ pump and K ϩ -floor, and visual cues) 24 hr after training, and their behaviors were dependent NCX (NCKX) (Tsoi et al., 1998) were blocked by using monitored for 6 min. During the last 3 min of this test, animals were TEA-Cl in the K ϩ -free external buffer. Experiments were performed exposed to the tone. Fear response was quantified by measuring at room temperature with the use of an EPC-9 amplifier and Pulse/ the length of the time when the animal showed freezing behaviors Pulsefit software (HEKA, Germany). All data were expressed as the with a stopwatch. Freezing behavior was defined as lack of movemean Ϯ SEM. All experiments were performed in the presence of ments with a crouching position, except for respiratory movements. 5 mM tetraethylammonium chloride (TEA), 1 M tetrodotoxin (TTX), In addition to freezing response, animals' locomotor activity was and 10 M bicucullin. Student's t test was used for statistical recorded by an infrared activity monitor built in the apparatus. analyses.
Intracellular Ca 2؉ Measurement in Hippocampal Novel Object Recognition Memory Task
The task was performed as described (Mansuy et al., 1998; Tang CA1 Neurons Hippocampal slices (400 m) were obtained from 2-to 3-week-old et al., 1999; Podhorna and Brown, 2002). Thirty-one animals (ϩ/ϩ, 1 hr, n ϭ 6; ϩ/ϩ, 24 hr, n ϭ 9; Ϫ/Ϫ, 1 hr, n ϭ 7; Ϫ/Ϫ, 24 hr, n ϭ 9) mice as described in Extracellular Recording (see below). Hippocampal slices were kept for 1 hr in ACSF and treated enzymatically were individually habituated to an open-field box (40 ϫ 40 ϫ 40 cm) for 3 days. During the training trial, two objects were placed in the of the dependence of short-term synaptic enhancement on presynaptic residual calcium. J. Neurosci. 14, 5885-5902. box and animals were allowed to explore them for 5 min. A mouse was considered to be exploring the object when its head was facing Dolmetsch, R.E., Lewis, R.S., Goodnow, C.C., and Healy, J.I. (1997). the object within 1 inch. Following retention intervals (1 hr or 24 hr), Differential activation of transcription factors induced by Ca 2ϩ reanimals were placed back to the box with two objects in the same sponse amplitude and duration. Nature 386, 855-858. locations, but one of the familiar objects was replaced by a novel Domotor, E., Abbott, N.J., and Adam-Vizi, V. (1999). Na ϩ -Ca 2ϩ exobject and then were allowed to explore the two objects for 5 min. change and its implications for calcium homeostasis in primary culThe preference percentage, ratios of the amount of time spent extured rat brain microvascular endothelial cells. J. Physiol. 515, ploring any one of two objects or the novel one over the total time 147-155. spent exploring both objects, were used to assess the recognition Fierro, L., DiPolo, R., and Llano, I. 
